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The t h e r m a l  decomposi t ion of perchlora te  of a m m o n i u m  (PA) ,  p u r e  
as well as with addi t ives ,  is dea l t  with i n  many p a p e r s .  T h e  kinet ics  of 
the decomposi t ion have been studied essent ia l ly  by m e a s u r i n g  the p r e s -  
s u r e  o r  volume of the evolving g a s e s .  
Bi rcumshaw and Newman' investigated the decomposi t ion of P A  at 
215"to 275°C.  
s u r f a c e  and propagates  in  the f o r m  of ha l f - spheres  which l a t e r  combine 
into a continuous front .  The  p r o c e s s  c e a s e s  a f te r  the decomposi t ion of 
about 30 percent  of the sa l t .  The  res idue  r e p r e s e n t s  a f r iab le  powder 
which is  ident ical  with the original P A .  The ene,rgy of activation of the 
decomposi t ion of P A  is E = 27.8  k c a l / m o l e  ( 1  k c a l  = 4. 1868 joules )  for  
the or thorhombic  and E = 18.9 k c a l / m o l e  f o r  the cubic f o r m .  
They found that the decomposi t ion of P A  s t a r t s  on the 
Galwey and Jacobs '  investigated the decomposi t ion of P A  by the 
m a n o m e t r i c  method and found E = 24.6 k c a l / m o l e  for  the or thorhombic 
and cubic f o r m s  of the PA. They confirmed the indication' that  a t  a 
t e m p e r a t u r e  above 300" C the P A  decomposes completely.  
Jacobs3 found E = 17. 5 k c a l / m o l e  for  the decomposi t ion of P A  and E = 30 
kca!/mole f o r  the decomposi t ion of the r e s i d u e  f r o m  the low- t e m p e r a t u r e  
reac t ion  a t  a t e m p e r a t u r e  above 350°C. While m e a s u r i n g  the delay in  
the ignit ion as a function of the t e m p e r a t u r e ,  they found E =  41. 1 k c a l /  
mole  . 
Galwey and 
4 
5 Rayevskiy and Manelis , while measur ing  by the method of m i c r o -  
photography the r a t e  of growth of the nuclei  of the decomposi t ion of the 
P A ,  found E = 31 to 33 k c a l / m o l e .  
m a n o m e t r i c  method, the decomposition of P A  and found by different  
methods  of calculat ion that the energy of activation was about 30 k c a l /  
mole.  
tior, of the decomposi t ion of P A  depends on the s i z e  of the p a r t i c l e s .  
The  e n e r g y  of act ivat ion of the decomposition of P A  with additives of 
metal oxides  is ,  according to l i t e r a t u r e  da ta ,  about 30 k c a l / m o l e  and 
depends  l i t t le  on the chemica l  nature  of the oxide. A studv was  made  
Sun Tsuan-tsai '  s tudied,  by the 
According to d a t a  by Osada  and Sakamoto7, the energy  of activa- 
of the decomposi t ion of P A  with additives of the oxides Mn028'99'0, 
cu20: l ,  1 2 ,  10 cu013,10 Zn014,10 , 7 , ~ e ~ o l ~ ,  M o ~ ~ , ~ ,  C1-203 9910, ~ i ' 0 3 ,  - 
C 0 2 0 3 t C o 3 0 ~ ~ ,  as wel l  as the chlor ides  of metals7.  
ca ta ly t ic  additives is explained by their  par t ic ipat ion in  the p r o c e s s  of 
e l e c t r o n  t r a n s f e r  f r o m  CIO; to N H ~ .  
The action of the 
T h e  purpose of this work was  to study the t h e r m a l  decomposi t ion 
of P A ,  pure  and in the p r e s e n c e  of oxides,  ch lor ides ,  carbonates ,  and 
oxa la tes  of c e r t a i n  m e t a l s .  
1 
EX PER IM ENTA L SECT ION 
The study of the kinet ics  of t h e r m a l  decomposi t ion was  conducted 
by the g r a v i m e t r i c  method. 
air a tmosphere  a t  a t m o s p h e r i c  p r e s s u r e .  
decomposition products  excluded the i r  influence on the decomposi t ion 
of P A 6 .  
was,  by means  of a g l a s s  capi l la ry ,  lowered into a n  oven previously 
heated to the given t e m p e r a t u r e  and suspended on a l e v e r  of a tors ion  
balance VT-200 (accuracy  of weighing 0.2  mg). The t e m p e r a t u r e  in 
the oven was controlled with a n  a c c u r a c y  of f 1 " C.  
The decomposi t ion was  conducted in  a n  
The  f r e e  r e m o v a l  of the 
The  subs tance  (about 150 m g )  w a s  placed in  a g l a s s  cup which 
The PA, r e c r y s t a l l i z e d  f r o m  water,  was  dr ied  at 100"to 110" C, 
ground, and sifted through a 018 s ieve .  In all the exper iments ,  u s e  
was  made of one spec imen of PA which was  s t o r e d  in a d e s i c c a t o r  over  
anhydrous c a l c i u m  chlor ide.  
The kinet ics  of decomposi t ion of pure  PA w e r e  studied within the 
t e m p e r a t u r e  l i m i t s  of 214" to  470°C.  F i g u r e  1 shows the decomposi t ion 
c u r v e s  a - t ( d e g r e e  of decomposi t ion- - t ime)  of pure  PA and the decom-  
position curve  a t  410°C of the res idue  f r o m  the l o w - t e m p e r a t u r e  r e a c -  
t ion (at  230°C). Decomposition of the or thorhombic  f o r m  of PA ( t  < 
240°C)  is  c h a r a c t e r i z e d  by the ex is tence  of an  induction per iod,  per iod 
of acce lera t ion ,  and period of d r o p  i n  the speed  of decomposi t ion 
which cor responds  to the format ion ,  growth, and in te rgrowth  of the 
c e n t e r s  of decomposi t ion into a continuous front ' .  T h e  decomposi t ion 
s tops .upon the achievement  of a = 30 percent ,  a f te r  which, a white,  
porous ,  sl ightly s i n t e r e d  r e s i d u e  of P A  r e m a i n s .  T h e  m a x i m u m  r a t e  
of decomposition develops for  a of about 10 percent .  
T h e  decomposition of the cubic f o r m  of P A  (240"  t o  300°C)  p r o c e e d s  
The  r a t e  of decomposi t ion r e a c h e s  a maxi-  
On the decomposi t ion c u r v e ,  one c a n  d is -  
without a n  induction per iod.  
m u m  f o r  a = 3 to  5 percent .  
t inguish three per iods:  period of a c c e l e r a t i o n ,  per iod of rap id  
decomposition, and per iod with a cons iderably  s m a l l e r ,  a l m o s t  constant  
r a t e .  
to 30  percent ;  b e s i d e s l  the h igher  the t e m p e r a t u r e  of decomposi t ion,  
the g r e a t e r  the a a t  which this  changeover  t a k e s  place.  
The changeover to  gradual  decomposi t ion takes  place f o r  a =  20 
At 300" to 380"C,  the reproducib i l i ty  of the kinet ic  c u r v e s  is poor 
At a t e m p e r a t u r e  above 380"C,  the r a t e  of decomposi t ion  of P A  
as a resu l t  of a change in  the m e c h a n i s m  of the decomposi t ion  of the 
P A 3 .  
d e c r e a s e s  with t ime.  T h e  decomposi t ion is complete .  
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1-230°C,  2-281°C,  3-410°C,  and 4-410°C 
( r e s i d u e  f r o m  low- t e m p e r a t u r e  react ion) .  
F i g u r e  1. Decomposition Curves  of Ammonium 
P e r c h l o r a t e  
A s tudy w a s  m a d e  of the decomposi t ion of the res idue  f r o m  the low- 
t e m p e r a t u r e  reac t ion  (at  230"  C). F o r  th i s  purpose ,  the r e s i d u e ,  a f te r  
the reac t ion  had ceased ,  was t r a n s f e r r e d  to another  oven and i t s  decom-  
posit ion was  studied. 
reproducib le  a t  t e m p e r a t u r e s  above 380" C.  Decomposition was  com- 
plete.  
f o r  the or iginal  PA.  The  r e s i d u e  f r o m  the low- tempera ture  reac t ion  
b u r n s  up  1 to  2 minutes  a f te r  i m m e r s i o n  of the spec imen in  the oven 
which had been heated to  450"C,  whereas  the or iginal  P A  ca tches  fire 
at 470" C. At a t e m p e r a t u r e  above 300" C,  a noticeable subl imat ion of 
the P A  w a s  observed .  
The decomposition c u r v e s  of the r e s i d u e  a r e  
T h e  m a x i m u m  r a t e  of decomposition of the res idue  w a s  g r e a t e r  
A kinetic ana lys i s  of the decomposition c u r v e s  was  conducted with 
the he lp  of the Yerofeyev equation17, 
- I n  ( 1  - a) = ktn,  ( 1 )  
w h e r e  a is the d e g r e e  of decomposition a t  the t i m e  t ,  and k is a constant.  
T h e  values  of k and n w e r e  de te rmined  f r o m  the c u r v e s  of lg [ - lg(  1 - 
-1gt. The values  of the constant ,  k, obtained f r o m  these  c u r v e s ,  w e r e  
reca lcu la ted  in  accordance  with the Sakovich equation 1 7 ,  
a )I 
3 
K =  nk. / n  , 
Preexponent ia l  
Mult ipl ier ,  C 
1. 6. 10l6 
1.3 .  lo8  
2 .0 .  10' 
1. 1. l o 6  
4 .  5. 1o'O 
w h e r e  K is a r a t e  constant  with the dimension of the r a t e  constant  of 
the monomolecular  r e a c t i o n  (t- ' ) ,  and k is the constant  f r o m  the 
Y erofeyev equation. 
Ene rgy  
of 
Activation, E 
(kca l /mole )  
4 0 . 1  
25. 1 
28. 3 
23. 7 
39 .1  
The l imi t s  of applicabili ty of the Yerofeyev equation a r e  l is ted in 
Table  I. The s t ra ight  l i n e s ,  lg [ - lg(1  - a ) ] - l g t ,  cor responding  to the 
decomposition of the P A  and the res idue  f r o m  the low- tempera ture  
react ion,  a t  a t e m p e r a t u r e  above 380°C have b r e a k s  a t  a =  40 to 50 p e r -  
cent.  
the s t a r t  and end of the decomposi t ion.  
At the s a m e  t ime,  different  values of n and k a re  obtained f o r  
250 to 300 
400 to 470 
400 to 470 
330 to 450'" 
330 to 450':: 
Table  I. Kinetic C h a r a c t e r i s t i c s  of the T h e r m a l  Decomposition 
of Ammonium P e r c h l o r a t e  
0 to 20 1 . 2  
10 to 50 0. 8 
50 to 90 1 . 1  
0 to 40 0 .  6 
40 to 80 1 . 0  
L imi t s  of 
Applicability 
Decomposition of the Yerofeyev 
Tempera ture ,  $--" C  Equation of a, % 
5. 9. l o 9  
214 to 236 I 0 to 12 
35. 5 I 
1 4 . 5  
.*a 
"'Residue f r o m  low- t e m p e r a t u r e  reac t ion .  
The  magnitudes of the e n e r g y  of act ivat ion w e r e  d e t e r m i n e d  f r o m  
the curves  of l g  K = 1 / T  ( F i g u r e  2 ) .  
phase t rans i t ion  a t  240°C and the change in the decomposi t ion mecha-  
n i s m  a t  300" to 380"C3 c a u s e  a s h a r p  d r o p  i n  the r a t e  constant .  
is j u s t  as s h a r p  a change a t  these  t e m p e r a t u r e s  in the value of the maxi-  
m u m  r a t e  of decomposi t ion of P A .  T h e  resu l t ing  value of n =  4. 5 f o r  the 
or thorhombic f o r m  c o r r e s p o n d s  to the value by Galwey and J a c o b s  . 
During decomposition of the cubic f o r m  of P A ,  the index of the d e g r e e  
is c l o s e  to unity and even l e s s  than i t ;  i. e . ,  the r e a c t i o n  becomes  mono- 
molecular  and changes into thc diffusion realm". 
It is s e e n  in  F i g u r e  2 that  the 
T h e r e  
L 
4 
-1.0 
-2.0 
-3.0 I I I 
1.3 1.5 1.7 I .9 2.1 
x to3 T 
1 - t  > 380"C,  a <  50 P e r c e n t ;  L-t > 380"C,  a>5C P e r -  
cent ;  3-Residue f r o m  Low- T e m p e r a t u r e  React ion 
t > 380"C, a<40 P e r c e n t ;  4-Residue f r o m  Low- 
T e m p e r a t u r e  React ion,  t > 380"C,  a = 40 - 80 
P e r c e n t ;  5- t  = 240" -  3 0 0 ° C ;  6- t  = 214" - 236°C.  
F i g u r e  L .  bependence  of 1gK on 1 / T  During 
Decomposition of Ammonium P e r c h l o r a t e  
T h e  value of the energy  of activation which we obtained f o r  the 
or thorhombic  f o r m  of P A  was  somewhat  higher  than i n  o ther  words  ' 9  2 J 3  
this  c a n  be explained by the fac t  that, dur ing  decomposi t ion of P A  in 
a c losed  s p a c e ,  s ide reac t ions  c a n  take place which influence the decom- 
posit ion.  In our  exper iments ,  the removal  of the decomposi t ion 
products  w a s  f r e e .  
posit ion of the res idue  f r o m  the low- tempera ture  reac t ion  i s  a t  t > 380°C 
c l o s e  t o  E obtained during4 a s tudy of the delay t ime of ignition. 
The  decomposi t ion of the or iginal  P A  a t  this t e m p e r a t u r e  proceeds  
with a considerably smaller E ,  which is possibly connected with 
the influence of the in te rcrys ta l l i t e  m a t e r i a l .  
The value of the energy  of activation for  the decom- 
THERMAL DECOMPOSITION OF PA WITH ADDITIVES 
AS addi t ives  in the t h e r m a l  decomposition of PA,  use  was  made e s s e n -  
t i a l ly  of compounds (oxides ,  ch lor ides ,  carbonates ,  and oxalates)  of d-  
e l e m e n t s  of the IV period of the Mendeleyev per iodic  s y s t e m  ( f r o m  V to 
5 
Zn)  in the f o r m  of s tandard  ("analytical  g rades"  o r  "pure" g r a d e s )  o r  
of prepara t ions  synthesized by u s  18*19*20 .  T h e  additives w e r e  ground 
and sifted through a 018 s ieve .  The  additive content was  m o s t  f r e -  
quently 5 percent  by weight: such  a l a r g e  amount of additive was taken 
in  o r d e r  to d e t e r m i n e  c l e a r l y  the na ture  of its influence. The m i x t u r e s  
w e r e  prepared  by mechanical  mixing of the additive s a m p l e s  and of the 
P A  ( the s a m e  spec imen of P A  was  used as during the decomposi t ion of 
the pure PA) .  
anhydrous c a l c i u m  chlor ide.  
The  r e a d y  m i x t u r e s  w e r e  s t o r e d  in  a d e s i c c a t o r  over  
Table  I1 l i s t s  the da ta  on the influence of m e t a l  oxides on the t h e r m a l  
decomposition of the PA.  
Table  11. Kinetic C h a r a c t e r i s t i c  of the T h e r m a l  Decompositon 
of Ammonium P e r c h l o r a t e  in the P r e s e n c e  of Meta l  Oxides 
Additive (5%) 
MnOz 
MnOz 
( p y r o l u s i t e )  
G O 2 0 3  
c u o  
c u z o  
Accord ing  t o  F r e m " )  
Fez03 
N io 
v 2 0 5  
CrZO3 
T e m p e r a t u r e  
L i m i t s  , -'. ' C 
208 to  229 
214 to 245 
214 to  245 
239 to  270 
250 to 270 
250 t o  296 
270 t o  296 
250 t o  303 
260 t o  309 
Index 
of 
D e g r e e ,  n 
1 . 6  
1 . 4  
1 . 4  
2 . 2  
1 . 6  
1 . 2  
1 . 2  
1 . 2  
1 . 1  
E n e r g y  
of 
i c t iva t ion ,  E 
( k c a l  /mole) 
48. 2 
3 3 . 7  
38. 3 
53. 5 
45. 5 
41.  0 
4 9 . 2  
4 3 . 7  
30. 1 
' r eexponen t i a l  
M u l t i p l i e r ,  C 
2.. 4.  1017 
5 . 0 .  10l2 
7 . 4 .  1014 
5 . 0 .  l o z o  
1 . 4 .  1017 
2. 6 .  lo'' 
6 .  3. 1017 
1 .  6. 10'' 
8. 0 .  l o 9  
.a- At a t e m p e r a t u r e  above the upper l i m i t ,  the m i x t u r e s  b u r s t  into 
f lame.  
It  is s e e n f r o m  Table  I1 that the ac t ion  of the additive depends  on 
the chemica l  na ture  of the oxide. 
c u r v e s  of PA i n  the p r e s e n c e  of s o m e  oxides .  
F i g u r e  3 shows the decomposi t ion 
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1-Mn02 (according to F r e m ) ,  224°C;  2-Ni0 ,  
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F i g u r e  3. Decompositon C u r v e s  of Ammonium 
P e r c h l o r a t e  in  the P r e s e n c e  of 5 P e r c e n t  by 
Weight of Oxides 
The s t r o n g e s t  influence on the t h e r m a l  decomposi t ion of P A  is 
e x e r t e d  by the compounds of manganese (MnO2, MnCO3, MnC12- 4HZO) 
and cobal t  (C0203, CoCO3, CoC204, CoC12- 6H20). In t h e  p r e s e n c e  of 
these  addi t ives ,  the P A  decomposes  completely even a t  210" to 220°C.  
T h e  induction period is in  m o s t  c a s e s ,  absent ,  The r a t e  of decompo- 
s i t ion  of P A  changes prac t ica l ly  i n  proportion to the content of the addi- 
t ive within the l i m i t s  of 1 to  5 percent .  
In the p r e s e n c e  of copper compounds ( F i g u r e  3),  the m a x i m u m  
decomposi t ion rate i n c r e a s e s .  
insignificantly ( F i g u r e  3 ) .  
s e n c e  of copper  compounds d o  not change the i r  na ture  ( t h e  
per iod a t  a t e m p e r a t u r e  lower than 240°C is shortened.  ) 
P A  with 5 percent  CuCO3, Cu20,  CuO, and Cu2C12.2Hz0 burn a t  
t e m p e r a t u r e s  of 265" ,  275",  280",  285",  and 287" C ,  respect ively.  After 
the m i x t u r e s  burned,  a greenish  scale  remained  on the cup; this was 
soluble  in w a t e r ,  with the formation of a blujsh solution, i. e . ,  CuClz 
f o r m e d .  
to  5 p e r c e n t ,  their  influence on the decomposition of P A d o e s  not change. 
The d e g r e e  of decomposi t ion i n c r e a s e s  
The  decomposition c u r v e s  of P A  i n  the p r e -  
induction 
Mixtures  of 
By changing the content of copper compounds within the l imi t s  of 1 
7 
Compounds of i r o n  (Fe2O3, FeC204,  FeCl3. 6H20) ,  nickel (NiO, 
NiC20.4, NiC03. Ni(OH)Z, NiClZ. 6HzO), c h r o m i u m  ( Cr2O3, CrC13*6HzO), 
and vanadium (V205) inf luence the decomposition of P A  a t  a t e m p e r a t u r e  
above 240" C. 
E n e r g y  
Index of 
of Act ivat ion,  E 
D e g r e e ,  n ( k c a l / m o l e )  
1 . 4  46. 7 
1 . 7  4 3 . 7  
1 . 4  38. 3 
1 . 1  36. 0 
At the s a m e  t ime ,  the max imum r a t e  of decomposi t ion  of P A  
d e c r e a s e s ,  while the r a t e  of decomposition i n  the th i rd ,  thc s lowes t ,  
per iod i n c r e a s e s  ( F i g u r e  3 ) .  
decomposes completely.  Within l imi t s  of 1 to  5 pe rcen t ,  the r a t e  of 
decomposi t ion in  the third period is proport ional  to the addi t ive.  
maximum r a t e  d e c r e a s e s  with a d e c r e a s e  to a c e r t a i n  l i m i t  in the amount  
of these  addi t ives .  This  l imi t  amounts  to about 2.  5 percent  f o r  com-  
pounds of i r o n  and nickel (11), and l e s s  than 1 pe rcen t  fo r  compounds 
of c h r o m i u m  and vanadium, W i t h a  fu r the r  d e c r e a s e  in the amount  of 
the additive,  the m a x i m u m  r a t e  i n c r e a s e s  and approaches  the m a x i m u m  
r a t e  of decomposition of the pu re  PA.  The oxides ,  MgO and ZnO, upon 
being hea ted ,  e n t e r  into chemica l  r eac t ion  with the PA.  
t i m e ,  a liquid phase r e s u l t s ,  which, apparent ly ,  s e r v e s  to explain the 
influence of t hese  addi t ives  on the decomposi t ion  of the PA.  
At 270" to  2 8 0 " C ,  P A  with these  addi t ivcs  
T h e  
At the s a m e  
Preexponen t i a l  
Mul t ip l ie r ,  C 
1 .4 .  1019 
5 .4 .  10" 
7 . 4 .  1014 
6 .  3. 1013 
I t  should be pointed out that  the introduct ion of m o s t  tes ted  addi t ivcs  
s t rongly  r educes  the ignit ion point of the PA. 
Table  I11 l i s t s  da ta  on the t h e r m a l  dccomposi t ion  of P A  in the 
p r e s e n c e  of different  compounds of cobal t .  
Table  111. Kinetic C h a r a c t e r i s t i c s  of the Decomposition of Ammonium 
P e r c h l o r a t e  in  the P r e s e n c e  of Cobalt Compounds 
T e m p  e r a t u r  e 
Additive (5%)  Limits':', " C 
c o c o 3  208 to 224 
c o c 2 0 4  210 to 229 
c 0 2 0 3  214 to 245 
CoC12. 6Hz0 214 to 250 
.I, 
"'At a t e m p e r a t u r e  above 
in the oven. 
:he upper  l imi t ,  the  m i x t u r e s  caQght f i r e  
8 
I t  is seen  f r o m  Table  I11 that  the action of the additives depends on 
The  act ivi ty  
ca rbona te s  (oxa la tes ) ,  
the na ture  of the chemica l  compound of the given e lement .  
of the additive d e c r e a s e s  in the following o r d e r :  
oxides ,  and ch lor ides .  During the the rma l  decomposi t ion of the PA,  
all the addi t ives  which we tes ted  changed into oxides that  a r e  m o s t  
cha rac t e r i s t i c  fo r  the given meta l .  
apparent ly  de t e rmined  by the e a s e  of i t s  convers ion  into the oxide and 
the p rope r t i e s  of the resu l t ing  oxide. 
The act ivi ty  of the additive is 
CONCLUSIONS 1 
1)  A study was made  of the the rma l  decomposi t ion of PA a t  214" 
to  470°C by the g r a v i m e t r i c  method i n  an  air a tmosphere .  
ing values  of the ene rg ie s  of activation of the decomposi t ion have been 
de termined:  or thorhombic  f o r m ,  E = 40 kca l /mole ;  cubic f o r m ,  E = 
24 to 28 kca l /mole ;  and res idue  f r o m  low- t empera tu re  reac t ion ,  E = 
36 to  39 kca l /mole .  
bonates ,  and oxalates  of a number of m e t a l s  on the t h e r m a l  decomposi-  
tion of PA.  
lead to complete  decomposi t ion of the P A  a t  a t e m p e r a t u r e  below 240°C.  
The compounds of i ron ,  nickel,  and ch romium lead to complete  decom- 
posit ion of PA a t  270" to 280°C.  
3 )  At the s a m e  t empera tu re ,  the m a x i m u m  r a t e  of decomposi t ion 
of P A  with addi t ives  of the compounds of Cu, Mn, Co, as well as ZnO 
is g r e a t e r  than the m a x i m u m  decomposition r a t e  of the pure  PA; the 
m a x i m u m  decomposi t ion r a t e  of mixtures  of PA with compounds of 
i ron ,  nickel (11), ch romium,  as well  as V z 0 5  is l e s s  than for  pure  PA. 
The act ivi ty  of additives of the s a m e  e l emen t  d e c r e a s e s  in  the 
following o r d e r :  carbonate  (oxa la te ) ,  oxide,  and ch lor ide .  
The follow- 
2) A study was made  of the influence of oxides,  ch lor ides ,  c a r -  
I t  was shown that the compounds of manganese  and cobal t  
4) 
9 
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